Background: Powassan virus (POWV), a flavivirus discovered in 1958, causes spo-
| INTRODUC TI ON
Powassan virus (POWV) is a flavivirus transmitted to humans through the bite of infected ticks (Gholam, Puksa, & Proviast, 1999) .
This virus was first identified in 1958 after a young boy developed encephalitis and died in the town of Powassan, Ontario, Canada (McLean & Donohue, 1959) . The POWV genome consists of 11 kb of single-stranded, positive sense RNA which has been classified as a member of the tick-borne encephalitis serocomplex of flaviviruses (Kuno, Artsob, Karabatsos, Tsuchiya, & Chang, 2001 ). In the 1990s, phylogenetic analysis demonstrated that POWV has two distinct genotypes now known as POW lineage 1 (POW-L1) and deer tick virus or POWV lineage 2 (DTV), which are serologically indistinguishable (Dhama, Pawaiya, Chakraborty, Tiwari, & Yerma, 2014; Telford & Goethert, 2008) . While both genotypes have been isolated from ticks, they are believed to circulate in different enzootic cycles and are both capable of causing disease in humans (Anderson & Armstrong, 2012; Dhama et al., 2014; Dupuis et al., 2013) .
Most human cases of POWV have occurred in the Great
Lakes and Northeast regions of the United States (USA) and eastern Canada (Centers for Disease Control and Prevention (CDC), 2017; Ebel, 2010; Leighton, 2000) . In the USA, human cases of POWV have occurred in Maine, Massachusetts, Minnesota, New Hampshire, New Jersey, New York, North Carolina, Pennsylvania, Rhode Island, Virginia and Wisconsin (CDC, 2017) . In Canada, cases have been reported in the provinces of Ontario, New Brunswick and Quebec (CBC News, 2015; Leighton, 2000) . While case numbers are generally low, there have been notably more cases diagnosed per year over the last 15 years (CDC, 2017; Leighton, 2000) . Cases have been severe with central nervous system involvement resulting in meningitis and encephalitis among other symptoms and a high casefatality rate (Centers for Disease Control and Prevention (CDC), 2015c; Dhama et al., 2014; Gholam et al., 1999; Hinten et al., 2008) .
Outside of supportive therapy, there is currently no treatment or vaccine available.
In North America, POWV has been found in four species of Ixodes ticks (I. cookei, I. marxi, I. scapularis and I. spinipalpus) and Dermacentor andersoni ticks (Artsob, 1989; Dhama et al., 2014; Ebel, 2010) . There are three enzootic cycles proposed for the maintenance of POWV (Ebel, 2010) . These include two enzootic cycles associated with POW-L1 between I. cookei and groundhogs (Marmota monax) or mustelids, and I. marxi and squirrels (Main, Carey, & Downs, 1979; McLean, Best, Mahalingam, Chernesky, & Wilson, 1964) , and one enzootic cycle for DTV primarily between I. scapularis and the white-footed mouse (Ebel, Campbell, Goethert, Spielman, & Telford, 2000) .
Powassan virus is a vector-borne disease of public health concern because it has been identified to potentially be impacted by climate change and urbanization (Gould & Higgs, 2009; Ostfeld, 2009 ).
Thus, a scoping review of the global evidence on POWV was prioritized to identify and characterize the existing literature on this topic, create a repository of what is known and identify knowledge gaps to facilitate decision-making on this public health issue. While there are a number of literature reviews on this topic, to the best of our knowledge, this is the only scoping review and it offers an updated overview of the POWV literature.
| ME THODS

| Review protocol, team and expertise
Scoping reviews are synthesis research methodologies that aim to identify and describe the main sources, types and characteristics of available research, including any knowledge gaps and wellresearched areas on a broadly defined question or issue. This scoping review adheres to the Joanna Briggs Institute methodology for scoping reviews which mirrors the structure and rigour of Cochrane Collaboration systematic reviews (Higgins & Green, 2011; Peters et al., 2015) . This five-stage process first proposed by Arksey and O'Malley (2005) and further refined by Levac, Colquhoun, and O'Brien (2010) , Peters et al. (2015) and Tricco et al. (2016) included determining the research question, identifying relevant studies, study selection, charting the data and reporting the results (Arksey & O'Malley, 2005; Levac et al., 2010; Peters et al., 2015; Tricco et al., 2016) .
Prior to the scoping review, a prespecified scoping review protocol was developed to ensure the methods were reproducible, transparent and consistent. The protocol includes the research topic, definitions, search algorithms, inclusion criteria for relevance screening and the data characterization form. The scoping review protocol, repository of relevant articles and the dataset resulting from this review are available upon request.
Impacts
• The number of human Powassan virus (POWV) cases identified in North America is increasing each year. The spectrum of illness resulting from POWV infection in humans has not been researched, and there are limited epidemiological studies on human POWV exposure from the past 20 years. As a result, proportion or rates of human exposure to POWV is unknown.
• There were several knowledge gaps identified with respect to the ecology of POWV in North America including confirmation of the vectors and nonhuman hosts involved in the enzootic transmission cycles and the current and predicted future range of POWV.
• This information can be used to prioritize future surveillance and research to close some of the knowledge gaps, facilitate estimation of the current and projected public health risk due to POWV, and prioritize development of appropriate mitigation strategies.
A multidisciplinary team with expertise in knowledge synthesis, epidemiology, risk assessment, vector-borne diseases, public health and information science conducted the review.
| Review topic and scope
The purpose of this scoping review was to identify and characterize the global research and findings on POWV.
| Search strategy
Six electronic bibliographic databases were selected based on their relevance to the scoping review topic: Scopus, PubMed/MEDLINE, CAB, Agricola, EMBASE and the COCHRANE library for any relevant trials in the trial registry. The search was conducted on November 15, 2016 and updated on November 21, 2017 using the pretested search algorithm: (powassan OR "deer tick virus"). All studies on any aspect of POWV were included and characterized.
To verify the electronic search captured all relevant primary research, the reference lists of nine reviews which included Powassan in the title and one systematic review of human pathogens associated with I. scapularis were hand-searched for additional articles (Dhama et al., 2014; Ebel, 2010; Hermance & Thangamani, 2017; Kulkarni et al., 2015; McLean & Larke, 1963; Nelder et al., 2016; Pastula, Smith, Beckham, & Tyler, 2016; Ralph, 1999; Romero & Simonsen, 2008 
| Relevance confirmation and inclusion criteria
To evaluate if the citations captured in the search were applicable to the scoping review, a relevance screening form was developed and pretested to screen all identified abstracts and titles. Primary articles on POWV and predictive models addressing the impact of climate change on POWV were considered relevant. All relevant reviews, books and other nonprimary sources were excluded at this stage.
| Study characterization
A data characterization and utility (DCU) form was developed to extract relevant information from each included study. This form was pretested by all team members to ensure that we extracted the F I G U R E 1 PRISMA flow diagram of articles through the scoping review process necessary information to address our research topic and to ensure consistency in the process. Three relevance screening questions appeared at the beginning of the DCU form to allow the reviewer to eliminate any studies that were deemed irrelevant after assessing the full paper. Articles that were in languages other than English or French were excluded due to limited translation resources. Grey literature without primary research data and conference proceedings lacking sufficient detail were also excluded at this stage. The questions were designed to extract information on study design, vector or host (all vertebrates and humans) species and appropriately classify the studies into the following categories: pathogenesis, treatment, epidemiology, evaluation of diagnostic tests, transmission, surveillance, efficacy of mitigation strategies, virus characterization, predictive models on climate change and societal knowledge, attitudes and perceptions.
| Review management and data analysis
All potentially relevant citations identified by the search strategy were imported into the web-based reference management software refworks 2.0 (RefWorks 2.0, ProQuest LLC, Bethesda, Maryland, USA) and duplicate citations were removed. The unique citations were then imported into the web-based systematic review software distillersr (DistillerSR, Evidence Partners, Ottawa, Canada) where additional duplicate removal was performed. All stages of the scoping review were conducted within this software. Two reviewers performed the relevance screening and extracted the data from each study independently. During both stages, conflicts between reviewers were resolved by consensus. The final dataset was exported to Microsoft Excel (Microsoft Corporation, Redmond, WA) for descriptive analysis and summarization. This scoping review is reported in accordance with the "Preferred Reporting Items for Systematic Reviews and MetaAnalyses (PRISMA)" statement (Moher, Liberati, Tetzlaff, & Altman, 2009 ).
| RE SULTS
| Scoping review descriptive statistics
There were 349 unique citations screened for relevance, from which full articles were obtained for 232 potentially relevant studies. One hundred and seventy-eight primary research studies were characterized in this review (Figure 1 ).
Studies on POWV were published between 1959 and 2017, with 37.1% published since 2011 (Table 1 ). The majority of the research has originated from North America (157/178) and was published as a journal article (153/178). Most of the research covered one or more of four topics: epidemiology (123/178) of which 33 described a surveillance programme and its results, pathogenesis in a host (66/178) and in vitro studies characterizing POWV (22/178). Other studies on POWV investigated transmission to and from vectors and hosts (8/178), the accuracy of diagnostic tests (8/178), effective treatments for POWV (4/178) and effective mitigation strategies for POWV (3/178). There were no predictive models looking at the impact of climate change on POWV or studies on societal knowledge, attitudes and perceptions of POWV. Observational studies were Case series or case report 39
Surveillance or monitoring programme
33
Cross sectional 8
Longitudinal 3 Cohort 1 Experimental 48
Challenge trial 46
Other 2
Molecular epidemiology 11
Evaluation of diagnostic tests 5
POWV topic category a
Epidemiology 123
Pathogenesis 66 Surveillance 33
Virus study 22
Transmission 8
Diagnostic tests 8
Treatment 4 Mitigation 3 Note.
a Total number sums to >178 as some studies were conducted on more than one continent, had more than one type of study design or covered more than one topic. most widely used (124/178), of which the majority were prevalence studies (40/124), case reports (39/124) and reports from surveillance programmes (33/124).
This scoping review captured literature on vectors (54/178 studies), human populations (85/178), naturally exposed nonhuman host populations (39/178) and results of experiments that used animal models (30/178) ( Table 2 ). In addition, 24 studies were classified as in vitro research conducted to characterize POWV. Among the studies on humans, 38 were papers on hospitalized patients including 31 case reports or case series, while the others had a defined target sample population (3/38) or were the results of surveillance over a defined area (5/38). From studies involving humans, blood samples (55/61) were most commonly used for immunoassays in the diagnosis of POWV. Cerebrospinal fluid (31/61), urine (1/61) and faeces (1/61) were sampled to try to isolate the virus and in one study a biopsy of the thalamus was taken and examined for viral lesions.
Of the 39 studies that reported on sampling animal populations, the TA B L E 2 Number of studies on humans, animals and arthropod vectors in the 178 included articles
Category
Number of studies
Vectors 54
Ticks 47
Ixodes scapularis 23
Ixodes cookei 12
Dermacentor andersoni 8
Haemaphysalis 8
Dermacentor variabilis 7
Ixodes angustus 3
Ixodes marxi 3
Amblyomma americanum 3 Woodall (1979) , Ebel, Spielman and Telford (2001) , Heinze, Gould, et al. (2012) , Kuno et al. (2001) , Pesko et al. (2010) , Smith et al. (1974) , Whitney and Jamnback (1965) , Yin et al. (2009) P-40 4 Frolova et al. (1985) , Isachkova et al. (1979) , Khozinskaya et al. (1985) , Leonova et al. (1975) 1247 - Gresikova and Sekeyova (1987) , Hermance and Thangamani (2014) , Hermance and Thangamani (2015) , Price and Thind (1973) , Subbotina and Loktev (2012) , Timoney (1971) , Weiner et al. (1970) , Woodall and Roz (1977) , Xiao et al. (1986) DTV ( (electrospray ionization mass spectrometry) were evaluated in two studies using tick samples (Crowder et al., 2010; Holmes, Purdy, Chao, Noga, & Chang, 2005) . One study evaluated an enzyme immunoassay on POWV infected cells (Xiao, Jia, Qu, & Zhang, 1986) . Note. a Since DTV was not identified until 1997 (Telford et al. (1997) , the virus in all prior studies was identified as POWV and is depicted in the table as POW-L1 unless they were reclassified to DTV in a later study. Proutski, Gould, & Holmes (1997) , Santos et al. (2016) , Smith et al. (1974) , Thind & Price (1966) , Whitney & Jamnback (1965) , Zarnke & Yuill (1981a) . This strain was originally isolated in Colorado in 1952 (Thomas et al. 1960) . In 2001, a phylogenetic study designated 791A-52 as POW-L1 (Kuno et al. 2001) . Since then, multiple phylogenetic analyses have determined that 791A-52 is more closely related to DTV (El Khoury, Hull, et al. 2013; Pesko et al. 2010; Tavakoli et al. 2009 ).
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ELISA (Holmes et al., 2005; Purdy, Noga, & Chang, 2004) , IgG ELISA (Purdy et al., 2004) , plaque reduction neutralization (Kettyls et al., 1972; and complement fixation (Kettyls et al., 1972) were also studied. Another study demonstrated an absence of reactivity to two kinds of monoclonal antibodies from the NEK and KEN series using complement fixation and immunofluorescence tests (Gaidamovich et al., 1986) . Information regarding sensitivity, specificity, test agreement or raw data was provided in 5/8 of these studies.
| Powassan virus (POWV)
It has been accepted since the identification of DTV in 1997 (Telford et al., 1997) that there are two distinct genetic lineages circulating in North America, POW-L1 (62/178) and DTV (28/178), which have both been examined in several studies. These lineages have been shown to share 84% nucleotide identity and 94% amino acid identity, and they are serologically indistinguishable (Beasley, Suderman, Holbrook, & Barrett, 2001; Kuno et al., 2001 ). In the literature, 31 strains of POW-L1 and 19 strains of DTV have been cataloged in 82 studies (Table 3) .
Eighteen studies reported molecular characterization of POWV including full or partial sequencing, phylogeny, evolution of the virus, structural elements that characterize members of different flaviviruses, antigenic characterization and genetic relatedness within POWV strains and between other flaviviruses (Table 4) . Phylogenetic and biogeographic analysis has predicted that approximately 12,300 years ago POWV diverged from other tick-borne flaviviruses due to movement across the Bering land bridge (Heinze, Gould, & Forrester, 2012) . It has also been suggested that the divergence of POW-L1 and DTV occurred due to a reliance on different tick vectors and host transmission cycles (Ebel et al., 2001) . Similarly, the presence of POWV in Russia that was shown to be 99.8% similar to the Canadian POWV isolates was likely an introduction of POWV to Russia almost a century ago by the importation of North American mink (Heinze, Carmical, Aronson, & Thangamani, 2012; Heinze, Gould, et al., 2012; Leonova et al., 2009) . Evolutionary analyses suggest POW-L1 and DTV lineages have been stable overtime and support the hypothesis that there has been on-going transmission in North America (Ebel et al., 2001; Heinze, Gould, et al., 2012; Pesko, Torres-Perez, Hjelle, & Ebel, 2010) . The evolution of POWV at the molecular level was described in an intra-host population dynamics model where diversity of viral populations were shown to increase within hosts, but severe bottlenecks related to horizontal transmission (host to vector) limited the variation in POWV cycling (Grubaugh et al., 2016) .
Pathogenic attributes, transmission characteristics and molecular characterization of POWV were reported in six studies including protein activity (Dueva et al., 2014; Gallivan & McGarvey, 2003; Timofeev et al., 1990) 
Cytopathic effect of POWV in vitro 1 Abdelwahab et al. (1964) TA B L E 5 Tick species evaluated in 34 studies for POWV infection 1977), morphology (Abdelwahab et al., 1964) and the cytopathic effect of the virus in vitro (Abdelwahab et al., 1964 ; Table 4 ). Four experimental challenge studies investigated antiviral activity of various compounds against POWV in vitro. Two studies using small molecule compounds; 6-azauridine, 2-C-methylcytidine and interferon alpha 2a did not report the magnitude of POWV inhibition (Flint et al., 2014; Osolodkin et al., 2013) . However, two other potential antiflaviviral agents, the NS5 capping enzyme inhibitor BG-323 (Bullard et al., 2015) and adenosine analog NITD008 (Yin et al., 2009 ), significantly reduced POWV titres in vitro in their respective
studies. An I. scapularis organ culture model was developed to study the effects of POWV localization and replication to ultimately enhance screening for potential vaccine candidates and proteins for therapeutic use (Grabowski et al., 2017) .
| Powassan vectors
Ticks have been identified as the vectors of POWV across 34 epidemiological surveys ( Borrelia burgdorferi (Aliota et al., 2014; Knox et al., 2017; Tokarz et al., 2017) .
There is no evidence that other arthropods are vectors of POWV. Several species of mosquitoes were investigated as po- This strain was originally isolated in Colorado in 1952 (Thomas et al. (1960) . In 2001, a phylogenetic study designated 791A-52 to POW-L1 (Kuno et al. 2001) . Since then, multiple phylogenetic analyses have determined that 791A-52 is a part of lineage II (DTV) (El Khoury, Hull, et al., 2013; Pesko et al., 2010; Tavakoli et al., 2009) .
c Since DTV was not identified until 1997 (Telford et al., 1997) , the virus in all prior studies was identified as POWV and is depicted in the table as POW-L1 unless they were reclassified to DTV in a later study. (Belloncik et al., 1983; McLean, Crawford, Ladyman, Peers, & Purvin-Good, 1970; McLean, Goddard, Graham, Hardy, & Purvin-good, 1972; McLean, Macpherson, Walker, & Funk, 1960; Smith et al., 1974; White & White, 1981; Whitney & Jamnback, 1965) . Three studies failed to identify POWV in fleas, lice and mites and concluded there was no evidence these were potential vectors of POWV (Hardy, Reeves, Scrivani, & Roberts, 1974; McLean et al., , 1962 .
| Transmission of POWV
Ticks are the only known competent vector for POWV based on the current literature. Between different species the efficiency of POWV transmission host-to-vector or vector-to-host varies. Vector-to-host transmission was analysed in four studies (Chernesky, 1969a; Costero & Grayson, 1996; Ebel & Kramer, 2004) . Ixodes scapularis efficiently transmitted DTV to mice (Ebel & Kramer, 2004) and POWV (lineage not verified) to hamsters (Costero & Grayson, 1996) . One study also demonstrated that I. scapularis could effectively transmit DTV to uninfected mice after as few as 15 min of attachment (Ebel & Kramer, 2004) . Transmission of POW-L1 from D. andersoni to rabbits, hamsters and guinea pigs has also been demonstrated (Chernesky, 1969a; . Transmission of POWV from host-to-vector was explored in five studies (Chernesky, 1969a,b; Costero & Grayson, 1996; Ebel & Kramer, 2004) . DTV was identified in I. scapularis that had fed on viremic mice (Ebel & Kramer, 2004) and POWV (lineage not verified) was found in I. scapularis that fed on viremic hamsters (Costero & Grayson, 1996) . Detectable POW-L1 was also found in D. andersoni ticks that had fed on viremic hamsters and rabbits (Chernesky, 1969b; . One study evaluated transmission to Ixodes pacificus ticks and concluded that I. pacificus infrequently (1.4%) became infected from viremic rabbits and thus is not an efficient vector of POW-L1 (Chernesky, 1969a) .
Infection thresholds were examined in one study that reported an infection threshold of 10 2.5 mouse LD 50 per ml of POW-L1 was required for POW-L1 transmission from an infected mouse to D. andersoni ticks (Chernesky, 1969b) . This implies that hosts circulating the virus at levels below 10 2.5 mouse LD 50 per ml may not be able to act as amplifying hosts for POW-L1, and further research on other animals and tick species is needed to evaluate how the infection threshold varies for POWV transmission from hosts to vectors (Chernesky, 1969b) .
One study investigated a nonvector potential route of exposure for POWV through raw goat milk because tick-borne encephalitis virus (TBEV) in Europe can be transmitted via raw milk from infected animals (Woodall & Roz, 1977) . In this study, POWV was isolated in raw goat milk from day 7-15 postexposure and Powassan neutralizing antibodies were detectable from days 22, 29 and 36 (Woodall & Roz, 1977) . Thus, the potential for human exposure to POWV through consumption of raw goat's milk from a POWV infected goat may be possible, but to date there has been no research on naturally occurring POWV infection in goats or other dairy livestock.
| Nonhumans hosts of POWV
Thirty-nine studies on nonhuman hosts of POWV were conducted in three countries, Canada (21/39), the USA (17/39) and Russia
(1/39). POWV antibodies have been found in squirrels, chipmunks, deer, mice, dogs, cats, wild birds, hares, skunks, groundhogs, porcupines, fox, marmots, voles, woodrats, opossums, kangaroo rats, weasels, coyotes, white-tailed deer and raccoons (Table 6 ). Striped skunks (Lubelczyk et al., 2010) , white-footed mice (Ebel et al., 2000) , meadow voles (Ebel et al., 2000) and black-tailed jackrabbits were identified by the authors as being potential reservoir hosts that aid in the maintenance of POWV within its enzootic cycle.
Pathogenesis of POWV in animals was described in 21 chal- which then progressed to neurological illness including meningoencephalitis and paralysis of the limbs (Hermance & Thangamani, 2015; Holbrook et al., 2005; Isachkova et al., 1979; Johnson, 1987; Khozinskaya, Chunikhin, Khozinsky, & Stefutkina, 1985; McLean & Donohue, 1959; Mlera, Meade-White, Saturday, et al., 2017; Santos et al., 2016) . One study reported an incubation period which varied from 3-4 to 3-8 days in relation to the age of the mice (Weiner et al., 1970) . Genotype-specific differences have recently been reported for the incubation period of challenged mice which was 9-10 days in DTV infected mice and 7-8 days in POW-L1 infected mice (Beasley et al., 2001) . Conflicting results for chickens, rabbits and hamsters have been reported where in some studies, infection was cleared within 8 hr (Chernesky, 1969a; Larke, 1965) , indicating they are not good candidates for reservoir hosts, and in other studies, viremia was detected 2-14 days postinfection (Chernesky & Whittaker-Haines, 1972; McLean et al., 1960) . The mean duration of viremia was 3.3 days in a challenge trial on snowshoe hares (Zarnke & Yuill, 1981a) .
Viremia was also shown to persist in an adult grey squirrel 8 days postinfection (Timoney, 1971 b Forty-eight mammals tested for POWV: golden-mantled ground squirrels (4), snowshoe hares (2), voles (7), deer mice (28), red-tailed chipmunk (1), striped skunk (2), bushy-tailed woodrat (1), western harvest mice (3). The species of the two positive animals was not specified. (Whitney & Jamnback, 1965) and was reclassified to DTV, strain 12542 (El Khoury, Hull, et al., 2013; Pesko et al., 2010; Tavakoli et al., 2009 
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manifestations of infection were also observed in rats, guinea pigs, chickens, rabbits and hamsters following intracerebral and subcutaneous inoculations (Khozinskaya et al., 1985; Leonova, Safronov, Isachkova, & Baranov, 1975) .
Animal models were used to study POWV (n = 30), mice (20/30) and rabbits (6/30) being the most commonly used (Table 7) . Three mice models were used to evaluate the efficacy of a vaccine against POWV. No protective effect was observed in mice immunized with a TBE vaccine (FSUE Manufacture of Bacterial and
Viral Preparations of Chumakov Institute of Poliomyelitis and Viral
Encephalitis, Russia) (Chernokhaeva et al., 2016) . However, various levels of protection against POWV in mice and spider monkeys were noted after immunization with the attenuated and wild
Langat virus (TP21 E5) vaccine in two studies (Price & Thind, 1973; Thind & Price, 1966 Columbia, Canada had a seroprevalence rate of 12.4% (Kettyls et al., 1972) . Two recent studies conducted in Wisconsin, USA reported seroprevalence rates of 9.5% on a sample of patients with suspected
Lyme disease (Frost et al., 2017) and 10.4% on another sample of patients with suspected tick-borne disease (Schotthoefer et al., 2016) .
Since 1958 there have been 147 cases of POWV described in 66 surveillance and case reports including 21 cases reported in Canada and 126 in the United States (Table 9) . Isolates from human cases in
Russia have been used in molecular epidemiology studies (Leonova et al., 2009; Pesko et al., 2010) , but the case reports were not identified possibly due to a lack of translation resources. Case-fatality rates , 2013) . Four of these deaths were not directly attributable to POWV infection, but were reported to be related to the severely impaired health status of the patients during and after discharge from the hospital (El Khoury, Camargo, White, et al., 2013) . Of the cases that reported age, 29.2% (21/72) were <18 years, 27.8% (20/72) were between 18-59 years and 43.1% (31/72) were 60 years of age or older. There was no indication that age is a risk factor for severe outcomes related to POWV infection from this data.
Potential risk factors for humans infected with POWV were reported in 22 studies and included exposure to tick bites (11/22) (Cavanaugh et al., 2017; El Khoury, Camargo, White, et al., 2013; Granger, Lopansri, Butcher, Wong, & Tavakoli, 2010; Johnson, Staples, Sotir, Warshauer, & Davis, 2010; Piantadosi et al., 2016 Piantadosi et al., , 2017 Raval, Singhal, Guerrero, & Alonto, 2012; Rossier, Harrison, & Lemieux, 1974; Smith et al., 1974; Trépanier, Loungnarath, Gourdeau, Claessens, & Savard, 2010; Tutolo, Staples, Sosa, & Bennett, 2017) ; residing, vacationing, or frequenting wooded areas (12/22) (Ananthan, Shah, Haseer-Koya, & Patel, 2014; Choi & Taylor, 2012; Courtney et al., 2001; El Khoury, Camargo, White, et al., 2013; Fitch & Artsob, 1990; Goldfield, Austin, Black, Taylor, & Altman, 1973; Harrison, Rossier, & Lemieux, 1975; Hinten et al., 2008; Johnson et al., 2010; Piantadosi et al., 2016 Piantadosi et al., , 2017 Rossier et al., 1974) ; owning or being bitten by a cat or dog with POWV antibodies (2/22) (Mahdy, Bansen, & McLaughlin, 1982; ; owning a cat infested with ticks (1/22) (Mahdy, Wilson, Wherrett, & Dorland, 1979) ; having close contact with a dog that frequently chased forest rodents (1/22) (Joshua, 1979) ; working in basements with uncertain rodents and bat exposures (1/22) (Piantadosi et al., 2017) ; and handling a recently deceased woodchuck (1/22) (Embil, Camfield, Artsob, & Chase, 1983) .
| Clinical symptoms, complications and pathogenesis
Clinical symptoms of severe POWV cases were reported for 73 hos- Information Table S1 ). Following POWV infection, several long-term sequelae were reported across 28 studies. The most commonly noted persistent symptoms were neurological issues (10/28), generalized weakness (7/28 studies), cognitive difficulties (7/28), speech difficulties (7/28), imbalance and difficulty walking (7/28) spastic quadriplegia (4/28), ophthalmoplegia (4/28) and headaches (4/28) (Camfield, Mehrmanesh, & Embil, 1979; Cavanaugh et al., 2017; Conway & Rossier, 1976; Courtney et al., 2001; El Khoury, Camargo, White, et al., 2013; El Khoury, Hull, et al., 2013 Fitch & Artsob, 1990 Gholipour, Thon, Bevers, Henderson, & Feske, 2016; Goldfield et al., 1973; Granger et al., 2010; Harrison et al., 1975; Hicar, Edwards, & Bloch, 2011; Hinten et al., 2008; Jackson, 1989; Lessell & Collins, 2003; Mahdy et al., 1979 Mahdy et al., , 1982 Mittal, Hassan, Sanchez, & Robertson, 2017; Partington, Thomson, & O'Shaughnessy, 1980; Piantadosi et al., 2016 Piantadosi et al., , 2017 Raval et al., 2012; Shah & Elkhoury, 2012; Smith et al., 1974; Sung et al., 2013; Trépanier et al., 2010; Tutolo et al., 2017; Wilson et al., 1979 Camfield et al. (1979) , Embil et al. (1983) , Mahdy et al. (1982) ON 1958 
1958-1980
6 cases 6 cases Mahdy et al. (1982 Mahdy et al. ( ) 1971 Mahdy et al. ( -1972 4 cases 7-year-old boy, 14-month-old boy, 12-year-old boy, 5-year-old girl (probable case) Mahdy et al. (1982) , Smith et al. (1974) TA B L E 9 (Continued) Where date of sampling information was not available, date of publication was used.
TA B L E 9 (Continued) 2013; Frost et al., 2017; Schotthoefer et al., 2016) , Escherichia coli (El Khoury, Hull, et al., 2013) , Saint Louis Encephalitis virus (Raval et al., 2012) and Anaplasma phagocytophilum (Johnson et al., 2010) were reported in six studies. Eight studies noted comorbidities of POWV patients including cerebral aneurysm (Birge & Sonnesyn, 2012) , chronic obstructive pulmonary disease (El Khoury, Hull, et al., 2013 ), Crohn's disease (Piantadosi et al., 2017) , colon cancer (Birge & Sonnesyn, 2012; Raval et al., 2012) , coronary artery disease (Piantadosi et al., 2016) , cutaneous lupus (Birge & Sonnesyn, 2012) , diabetes (El Khoury, Hull, et al., 2013; Raval et al., 2012) , hyperlipidaemia (El Khoury, Hull, et al., 2013) , hypertension (Birge & Sonnesyn, 2012; El Khoury, Hull, et al., 2013; Piantadosi et al., 2016; Raval et al., 2012) , immunocompromised (Minnesota Department of Health, 2012 Health, , 2014 , leukaemia (El Khoury, Camargo, White, et al., 2013) , lymphoma (Piantadosi et al., 2016; Raval et al., 2012) , prostatitis (El Khoury, Hull, et al., 2013) and psoriatic arthritis (Piantadosi et al., 2016) . There were no associations made between susceptibility to POWV or severity of infection and coinfections or comorbidities.
Postmortem or pathology examinations focused on the brain (12/13) (Cavanaugh et al., 2017; Choi & Taylor, 2012; El Khoury, Camargo, White, et al., 2013; El Khoury, Hull, et al., 2013; Gholam et al., 1999; Lessell & Collins, 2003; McLean & Donohue, 1959; Mittal et al., 2017; Piantadosi et al., 2017; Raval et al., 2012; Tavakoli et al., 2009; Tutolo et al., 2017) , spinal cord (3/13) (Cavanaugh et al., 2017; Gholipour et al., 2016; Tavakoli et al., 2009) , liver (1/13) (Tavakoli et al., 2009 ) and kidney (1/13) (Tavakoli et al., 2009 ). Other characteristics of POWV infection were described in eight publications; however, most exposure times were estimated from the "most likely" exposure to ticks based on activities rather than a known exposure. The time between exposure and viremia was reported as 1-6 days (Mahdy et al., 1982) , 2-3 weeks (El Khoury, Camargo, White, et al., 2013; Mahdy et al., 1979) and 35 days (El Khoury, Hull, et al., 2013) . The time between exposure and symptoms occurring was reported to be 9 (Joshua, 1979) , 14 (Centers for Disease Control and Prevention (CDC), 1995), 30 (Trépanier et al., 2010) and 34 days (Rossier et al., 1974) in four separate cases.
| D ISCUSS I ON
Our findings characterize the global research and findings on POWV found in 178 articles. The results indicate that POW-L1 and DTV are maintained in transmission cycles involving several tick and animal species across North America, with less clear evidence that there is on-going transmission of POWV in Russia .
The literature from Russia and Europe is likely under-represented in this scoping review as 20 studies were excluded due to a lack of translation resources for languages other than English and French.
Eighteen of the studies were published in Russian, which reported on the results of experimental research with POWV (n = 15) and epidemiology of POWV (n = 3). In addition, we identified one experimental POWV study in German, and one epidemiological study of POWV in
Danish. The potential bias due to these exclusions is unknown.
Molecular phylogenetics of the POWV has demonstrated that both genotypes of the virus have been stable over time (Pesko et al., 2010) and that the divergence of POW-L1 and DTV is likely the result of differences in natural selection pressures from different enzootic cycles of the respective vectors I. cookei and I. scapularis that evolved since POWV diverged from other tick-borne encephalitis viruses 12.3 thousand years ago (Ebel et al., 2001; Heinze, Carmical, et al., 2012; Heinze, Gould, et al., 2012) . Overall, the results of the phylogenetic and evolutionary analyses in the scoping review are fairly consistent. Current data suggests that POW-L1 and DTV are circulating in the Great Lakes region, north-eastern USA and southeastern Canada; however, historic data suggest this area could be much larger (Brackney et al., 2010; Ebel, Foppa, Spielman, & Telford, 1999 which have been studied to a lesser extent (Keirans & Clifford, 1983; McLean, Devos, et al., 1964 Similarly, the few studies that lend evidence to where POWV is circulating in North America do not cover the geographic regions of the five tick species from which POWV has been isolated.
Instead, our limited understanding of POWV geography is mainly from human cases and limited tick surveillance and nonhuman host studies conducted in areas where human cases have occurred. It is also possible that there is some publication bias across surveillance reports or field studies that looked for but failed to detect POWV in the sampling frame and did not report these findings. Additional tick surveillance, sentinel animal surveillance or nonhuman host serosurveys may be warranted to establish a better understanding of where POW-L1 and DTV are currently circulating in North America.
This will aid in our understanding of how wide spread the virus is and enable better predictions of the future burden of POWV in affected areas of North America.
Three enzootic transmission cycles have previously been described in the literature (Ebel et al., 2000; Main et al., 1979; McLean, Best, et al., 1964) . Proposed host species such as the groundhog or squirrels have not been studied under experimental conditions to demonstrate the level and duration of viremia that would be adequate to support POWV transmission. There is some serological evidence from 1960 to 1980 in North America that groundhogs and squirrels have been exposed to POWV (Table 6 ), and they are commonly fed upon by I. cookei and I. marxi, respectively. Thus, the proposed enzootic cycles for POW-L1 are possible; however, there is little supporting evidence.
There is more evidence to support the proposed enzootic cycle for DTV between I. scapularis and the white-footed mouse. There are several tick prevalence surveys from the last 20 years demonstrating the burden of DTV in I. scapularis (Table 5) , and transmission and competence experiments showing that I. scapularis is an efficient vector of DTV (Costero & Grayson, 1996; Ebel & Kramer, 2004) . Serological surveys indicate DTV is circulating within the white-footed mouse population (Table 6 ) and a pathogenesis experiment demonstrated low levels of viremia in the white-footed mouse after intracranial inoculation (Mlera, Meade-White, Saturday, et al., 2017) . However, pathogenesis studies have not investigated the susceptibility and viremia of white-footed mice exposed to POWV via a tick bite. Additional research to characterize the reservoir or amplifying host capabilities of other animal species that share the geographical range of POW-L1 or DTV and are exposed to known vectors would contribute to our knowledge of the ecology and epidemiology of POWV.
Since 1960, there have only been 17 seroprevalence studies on human exposure to POWV in both healthy and sick populations. With the exception of two small observational studies from Wisconsin (Frost et al., 2017; Schotthoefer et al., 2016) and Wisconsin, and it has been hypothesized that coinfection may explain some of the spectrum of Lyme disease in humans (Aliota et al., 2014; Knox et al., 2017; Tokarz et al., 2017) .
Current testing usually includes a two-pronged approach where a high throughput assay (e.g., ELISA) is used to exclude negative samples and then a more specific assay (e.g., PRNT) is used to confirm exposure to POWV. Genotype is not usually estab- to uninfected mice after as few as 15 min of attachment (Ebel & Kramer, 2004) . This is very different than the transmission of the other tick-borne pathogens transmitted by I. scapularis (B. burgdorferi, Babesia microti and A. phagocytophilum) which require tick attachment of at least 24-36 hr for transmission to occur (Ebel & Kramer, 2004; Piesman, Mather, Sinsky, & Spielman, 1987; Spielman, 1976 ).
There were many knowledge gaps highlighted in this scoping review. To address these gaps, long-term cohort studies need to be conducted to understand the spectrum of human infection and enhanced surveillance of the virus needs to be conducted to gather data on the geographical range and burden in vector and host species. Future laboratory studies on the physiology and antiviral activity in the hosts will help identify potential treatments and targets for mitigation, and epidemiological studies will further our understanding of how POWV persists in nature. With the predicted range expansion of tick vectors such as I. scapularis due in part to climate change, the impact of POWV on public health may require additional resources and monitoring.
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